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ABSTRACT 

The total  absorption coefficient of propylene and butene - 1 

vapors  in the region from 1500 to  2000 A and the photoionization 

coefficient in the region 1050 A to the onset of ionization were  

measured  by photoelectric methods. P r e s s u r e s  ranging f rom 

0. 04 to  0. 2 m m  Hg were  used for  the total  absorption coefficient 

determination, and three  p r e s s u r e s  from 0. 05 to  2 m m  Hg were  

used fo r  the photoionization absorption coefficient determination. 

Ionization potentials obtained directly fo r  the two 

with previously published data. 
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ABSORPTION AND PHOTOIONIZATION COEFFICIENTS 
OF PROPYLENE AND BUTENE-1 I N  THE. 

VACUUM ULTRAVIOLET''; 

I. INTRODUCTION 

A c o n t i n u i n g  program i s  b e i n g  conducted  t o  measure t h e  a b s o r p t i o n  

and p h o t o i o n i z a . t i o n  c o e f f i c i e n t s  of g a s e s  and v a p o r s .  The r e s u l t s  are  

a p p l i e d  t o  p l a .ne t a ry  a tmosphe res ;  s u i t a b l e  f i l l i n g s  f o r  photon c o u n t e r s ;  

and a s e a r c h  f o r  s u i t a b l e  g a s e s  which i o n i z e  a t  l o n g e r  wave leng ths  t h a n  

n i t r i c  ox ide ,  t h e r e b y  e x t e n d i n g  t h e  u s a b l e  r ange  o f  a b s o l u t e  measure-  

ments.  

A d e t a i l e d  a n a l y s i s  of  t h e  a b s o r p t i o n  and p h o t o i o n i z a t i o n  of  p r o -  

py lene  and bu tene -1  i n  t h e  r e g i o n  1000-2000 A i s  g i v e n  i n  t h i s  r e p o r t .  

The a b s o r p t i o n  spec t rum of p ropy lene  and bu tene -1  below 2000 A h a s  

been s t u d i e d  by several i n v e s t i g a t o r s .  Carr and Stficklen'') pho to -  

graphed  t h e  spec t rum o f  bu tene -1  vapor  down t o  1500 A a l o n g  w i t h  s e v e r a l  

o t h e r  e t h y l e n i c  hydroca rbons .  They obse rved  a p r o g r e s s i v e  s h i f t  towards  

t h e  v i s i b l e  of t h e  f i r s t  a b s o r p t i o n  band of t h e  hydroca rbons  w i t h  i n -  

c r e a s i n g  number of  s u b s t i t u t e d  a l k y l  g roups .  Gary and P i c k e t t  made 
( 2 )  

i n t e n s i t y  measurements on t h e  a b s o r p t i o n  of b u t e n e - 1  down t o  1550 A 

w h i l e  P r i c e  and T ~ t t e ' ~ )  photographed  t h e  a b s o r p t i o n  s p e c t r a  of  propy-  

l e n e  down t o  1100 A. They found t h e  a b s o r p t i o n  bands i n  p ropy lene  t o  

be r a t h e r  d i f f u s e ;  however, t h e y  were a b l e  t o  s u g g e s t  a n  i o n i z a t i o n  PO- 

t e n t i a l  of a b o u t  9.6 ev. Watanabe measured t h e  i o n i z a t i o n  p o t e n t i a l  ( 4 )  

*The c o n t e n t  of  t h i s  r e p o r t  h a s  been  p u b l i s h e d  i n  J .  Chem. Phys.  36, 
783 (1962). 
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of p ropy lene  and bu tene -1  u s i n g  p h o t o e l e c t r i c  methods,  and o b t a i n e d  

v a l u e s  of 9.73 and 9 58 e v ,  r e s p e c t i v e l y .  By combining a mass s p e c -  

t r o m e t e r  w i t h  a monochromator, S t e i n e r  e t  al!5) o b t a i n e d  i o n i z a t i o n  e f -  

f i c i e n c y  c u r v e s  of t h e s e  two v a p o r s  between 1050 A and 1300 A. A n  

i o n i z a t i o n  p o t e n t i a l  of 9 . 7 3  e v  was found f o r  p r o p y l e n e  and 9 . 6 1  e v  f o r  

butene.  Some r e c e n t  work on t h e  a b s o r p t i o n  and p h o t o i o n i z a t i o n  of p r o -  

py lene  has  been c a r r i e d  o u t  by Schoen and W e i s s l e r ( 6 )  i n  t h e  d i f f i c u l t  

r e g i o n  below 1000 A .  

I n  t h e  p r e s e n t  s t u d y  t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t  o f  p ropy lene  

and bu tene -1  vapor  i n  t h e  r e g i o n  1050 - 2000 A and t h e  p h o t o i o n i z a t i o n  

c o e f f i c i e n t  i n  t h e  r e g i o n  1050 A t o  t h e  o n s e t  of  i o n i z a t i o n  were measured 

by means of p h b t o e l e c  t r i c  methods ,, From t h e s e  measurements two Rydberg 

s e r i e s  were i d e n t i f i e d  i n  propylene a l o n g  w i t h  some v i b r a t i o n a l  s t r u c -  

t u r e .  F u r t h e r ,  i o n i z a t i o n  p o t e n t i a l s  were o b t a i n e d  d i r e c t l y  f o r  t h e  

two v a p o r s  and found t o  be i n  good agreement  w i t h  p r e v i o u s l y  p u b l i s h e d  

d a t a ,  
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11. EXPERIMENTAL 

Measurements of a b s o r p t i o n  c o e f f i c i e n t s  and p h o t o i o n i z a t i o n  yic? 1 r, 

were made by methods d e s c r i b e d  p r e v i o u s l y .  ( 7 )  (8) 

employs a 1 - m  vacuum monochromator w i t h  a r e s o l u t i o n  of abou t  1 A ,  a 

p h o t o m u l t i p l i e r  c o a t e d  w i t h  sodium s a l i c y l a t e  as a d e t e c t o r ,  and a n  ah- 

s o r p t i o n  c e l l  p l a c e d  between t h e  e x i t  s l i t  and t h e  d e t e c t o r .  The ex -  

p e r i m e n t a l  c o n d t i o n s  f o r  t h e  p r e s e n t  s t u d y  were as f o l l o w s :  The l j g h t  

s o u r c e  was a windowless hydrogen d i s c h a r g e  t u b e  o p e r a t e d  a t  0.4  amp dc 

w i t h  abou t  700 v a c r o s s  t h e  t u b e ;  t h e  a b s o r p t i o n  c e l l  w a s  a b o u t  7 cm 

long  and s e a l e d  w i t h  L iF  windows, z r3  was p rov ided  w i t h  two p a r a l l e l -  

p l a t e  e l e c t r o d e s ,  so  i t  a l s o  s e r v e d  as an i o n  chamber;  t h e  p ropy lene  

and b u t e n e - 1  used  was p r e p a r e d  from C.P. g r a d e  t a n k  g a s  by r e p e a t e d  

f r a c t i o n a l  d i s t i l l a t i o n  a t  d r y - i c e  and l i q u i d - n i t r o g e n  t e m p e r a t u r e s .  

The f i n a l  p u r i t y  of t h e s e  v a p o r s  was checked by mass s p e c t r o m e t r y  which 

showed t h a t  t h e  t o t a l  i m p u r i t y  p r e s e n t  i n  e a c h  g a s  c o u l d  n o t  exceed 

B r i e f l y ,  t h i s  method 

( J  5%. 

Data f o r  the t o t a l  a b s o r p t i o n  c o e f f i c i e n t s  were o b t a i n e d  w i t h  s i x  

p r e s s u r e s  r a n g i n g  from 0.04 t o  0 .2  mm Hg, and f o r  p h o t o i o n i z a t i o n  ab -  

s o r p t i o n  c o e f f i c i e n t s  w i t h  t h r e e  p r e s s u r e s  from 0 . 5  t o  2 mm Hg. P r e s -  

s u r e s  below 0.5 mm Hg were measured w i t h  a C o n s o l i d a t e d  micromanometer, 

w h i l e  h i g h e r  p r e s s u r e s  were de t e rmined  w i t h  a n  o i l  manometer. Compara- 

t i v e l y  h i g h  p r e s s u r e s  were u t i l i z e d  i n  t h e  c a s e  of t h e  p h o t o i o n i z a t i o n  

measurements  i n  o r d e r  t o  a s s u r e  t o t a l  a b s o r p t i o n  of t h e  r a d i a t i o n  w i t h -  

i n  t h e  i o n  chamber.  
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-1 ( 7  1 The a b s o r p t i o n  c o e f f i c i e n t ,  k i n  cm , w a s  d e f i n e d  as p r e v i o u s l y  

by tlie e q u a t i o n  I 

t r a n s m i t t e d  l i g h t  i n t e n s i t i e s  r e s p e c t i v e l y  and x, i n  cm, i s  t h e  absoi . , ; ing  

Io exp (-la), where I and I a r e  t h e  i n c i d e n t  and 
0 

pa th  l e n g t h  of  t h e  vapor  e x p r e s s e d  a t  NTP. The p h o t o i o n i z a t i o n  c o e f -  

f i c i e n t  i s  d e f i n e d  as t h e  p roduc t  of t h e  i o n i z a t i o n  y i e l d  and t h e  t o t a l  

a b s o r p t i o n  c o e f f i c i e n t .  Abso lu te  y i e l d s  were o b t a i n e d  by comparison 

01 t h e  i o n i z a t i o n  c u r r e n t  o f  t h e  i n v e s t i g a t e d  v a p o r s  t o  t h a t  o f  n i t r i c  

o x i d e .  N i t r i c  o x i d e  y i e l d s  were c a l i b r a t e d  a g a i n s t  a thermocouple  i n  

1954!9) These y iLa lds  have r e c e n t l y  been revised' ' ')  and are t h e  ones  

u s c d  i n  t h i s  p r e s e n t  work. 
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111. RESULTS AND D I S C U S S I O N  

Mean a b s o r p t i o n  c o e f f i c i e n t s  o f  propylene  and butene-1  i n  t h e  

s p e c t r a l  r e g i o n  1050 - 2000 A are  summarized i n  F i g u r e s  1-4 ,  which 

were made by drawing smooth c u r v e s  through p o i n t s  f o r  abou t  t h r e e  hun- 

d r e d  wavelengths .  The e x p e r i m e n t a l  u n c e r t a i n t y  i n  t h e  mean k -va lue  i s  

es t imated  t o  be abou t  10% f o r  n e a r l y  a l l  wave leng ths ,  p r e s s u r e  measure- 

ments b e i n g  t h e  main s o u r c e  of  e r r o r .  

A. PROPYLENE 

1. Region 1500 - 2000 A 

Figure  1 g i v e s  t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t s  of p r o -  

p y l e n e  between 1500 - 2000 A. A broad  a b s o r p t i o n  band w i t h  a maximum 

a t  1720 A i s  t h e  most prominent  f e a t u r e  i n  t h i s  r e g i o n .  Un l ike  t h e  ab -  

s o r p t i o n  spec t rum of e t h y l e n e ,  which h a s  q u i t e  d i s c r e t e  s t r u c t u r e ,  p ro -  

p y l e n e  e x h i b i t s  r a t h e r  d i f f u s e  bands ,  However, some s t r u c t u r e  i s  e v i -  

d e n t  t o  t h e  s h o r t - w a v e l e n g t h  s i d e  o f  t h e  a b s o r p t i o n  band and i s  p o s s i b l y  

due t o  s t r o n g  v i b r a t i o n a l  bands superimposed on t h e  main t r a n s i t i o n .  

The a v e r a g e  s e p a r a t i o n  of  t h e s e  bands i s  1360 c m  which i s  of t h e  same 

o r d e r  as t h e  s e p a r a t i o n  of  t h e  v i b r a t i o n a l  bands found i n  e t h y l e n e  i n  

t h i s  r e g i o n  by P r i c e  and T u t t e ,  ( 3 )  namely, 1370 ern-', 
a t t r i b u t e  t h i s  v i b r a t i o n  i n  e t h y l e n e  as be ing  due  t o  t h e  t o t a l l y  sym- 

m e t r i c a l  v a l e n c e  f r e q u e n c y  of  t h e  doub le  bond. 

-1 

P r i c e  and T u t t e  
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The oscillator strength f for this absorption band was calculated 
-9 (11) me from the relation f = 4.31 x 10 Jtdv, where E = k/0.1028. 

limits of the integral for the above band are somewhat uncertain to the 

short-wavelength side of the band; however, the dotted curve in Figure 

1 approximates the band limit. Taking the area under this curve one 

gets f = 0.32. 

2. Region 1050-1500 A. 

To wavelengths shorter than 1300 A the absorption spectrum, 

curve I, Figure 2, is essentially continuous. However, between 1300 - 
1550 A considerable structure can be seen. Although this structure is 

more diffuse than in ethylene,two Rydberg series can be identified with 

the help of the photoionization absorption coefficient curve (11). 

This curve gives an onset for ionization at 1274 A (9.73 ev), while a 

second break in the curve is indicative of another ionization potential 

due to a transition into a vibrational state of the ion, AV = 527 cm , 

at 1265.5 A (9.80 ev). This vibration probably represents a twisting 

vibration about C = C bond in analogy with the almost certain identifi- 

cation of this vibration in ethylene. ( 3 )  Using these ionization poten- 

tials as a guide and from the doublet nature of some of the bands in 

curve I, two series were identified and found to fit the following 

Rydberg formulas: 

-1 

(1) 
2 R(n) : V = 78586-R/(n+0.85) n = 3 ,  4 ..., 

(2) R(n) +Av: v = 79051-R/(n+0.85) 2 n = 5,  4 ..., 

10 



where R i s  t h e  Rydberg c o n s t a n t ,  l :(n) a Rydberg s e r i e s ,  and R(n) + A b  

a d o u b l e t  member o f  t h e  R(n) s e r i e s .  The p o s i t i o n  of t h e s e  Rydberg 

bands are  shown i n  F i g u r e  2 .  The wave numbers of t h e  observed bands 

and t h o s e  computed from E q u a t i o n s  (1) and ( 2 )  a g r e e  well and are shown 

i n  Tab le  I .  The c a l c u l a t e d  se r ies  l i m i t s  of 7 8  586 cm (9.74 e v )  and 

79 051 cm 

-1 

-1 (9.80 e v )  a g r e e  we l l  w i t h  the i o n i z a t i o n  p o t e n t i a l s  o b t a i n e d  

from t h e  p h o t o i o n i z a t i o n  e x p e r i m e n t s .  

The i d e n t i f i c a t i o n  of  t h e  a b s o r p t i o n  bands a s  Rydberg 

bands a p p e a r s  h i g h l y  p r o b a b l e ;  however i t  would be d e s i r a b l e  t o  pe r fo rm 

a similar expe r imen t  u s i n g  f u l l y  d e u t e r a t e d  p r o p y l e n e .  I n  t h i s  case ,  

t h e  bands forming t h e  above se r ies  would be expec ted  t o  be s h i f t e d  

s l i g h t l y  towards  s h o r t - w a v e l e n g t h s  i n  going from C H t o  C D 3 6  3 6 ’  

The s t r u c t u r e  of c u r v e  I1 compares f a v o r a b l y  w i t h  t h a t  

p u b l i s h e d  by S t e i n e r  e t  a l .  ( 5 )  I n  p a r t i c u l a r ,  t h e y  o b t a i n  a n  i o n i z a -  

t i o n  p o t e n t i a l  a t  9 .73  i 0.02 e v  and a b r e a k  i n  t h e i r  i o n i z a t i o n  e f -  

f i c i e n c y  c u r v e  o c c u r s  a t  t h e  same p o s i t i o n  w e  have a s s i g n e d  t o  t h e  

R + v se r ies  l i m i t  a t  9 .80  e v .  The observed i o n i z a t i o n  p o t e n t i a l  a t  

9 .73  ev a g r e e s  w i t h  p r e v i o u s l y  p u b l i s h e d  d a t a  u s i n g  p h o t o i o n i z a t i o n  

(4  1 methods.  

P r i c e  and T ~ t t e ‘ ~ )  d i d  n o t  p u b l i s h  a Rydberg s e r i e s  i n  p r o -  

p y l e n e ,  however,  f rom t h e  s t r u c t u r e  o f  t h e i r  spec t rum t h e y  do  estimate 

a ser ies  l i m i t  a t  9 . 6  e v  i n  good agreement w i t h  t h e  f i r s t  s e r i e s  l i m i t  

of 9 . 7 4  ev found i n  t h i s  work. E l e c t r o n  impact  t e c h n i q u e s  y i e l d ,  i n  

g e n e r a l ,  s l i g h t l y  h i g h e r  i o n i z a t i o n  p o t e n t i a l s  t h a n  p h o t o i o n i z a t i o n  

methods,  and i n  p r o p y l e n e  t h e s e  v a l u e s  v a r y  from 9 . 8 1  t o  10 e v .  (12)  

11 



TABLE I 

RYDBERG BANDS FOR PROPYLENE I N  CM-I  

n k !/ o b s  c a l c  

3 7 1  120 7 1  183 

4 73 910 73 921 

5 75 360 75 379 

6 76 250 76 247 

7 76 800 76 805 

8 7 7  190 7 7  188 

V L 
o b s  :ale 

7 1  430 7 1  648 

74 380 74 386 

75 930 75 844 

I 03 78 586 79 051 
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T h e o r e t i c a l  va lues  a t  10.14 and 9.96 ev f o r  t he  f i r s t  

i o n i z a t i o n  p o t e n t i a l  of propylene have been c a l c u l a t e d  by Higuchi (13 1 

and S t r e i t w i e s e r ,  ( I 4 )  r e s p e c t i v e l y .  rJnlsh (I5) has  es t imated t h a t  a 

second i o n i z a t i o n  p o t e n t i a l ,  corresponding t o  t h e  removal of a CJ CC 

e l e c t r o n ,  should occur around 12.0 ev. This  occur s  a t  s h o r t e r  wave- 

l e n g t h s  than  r e p o r t e d  h e r e  and no evidence of i t s  presence i s  apparent  

from curve 11; however, due t o  t h e  lowering of t h e  i o n i z a t i o n  p o t e n t i a l s  

by a l k y l  s u b s t i t u t i o n  i t  may be apparent i n  butene.  

B. BUTENE-1 

1. Region 1500 - 2000 A 

Butene-1 has  a very similar a b s o r p t i o n  spectrum t o  t h a t  of 

propylene,  however, as can be seen from F igure  3 t h e  d i s c r e t e  s t r u c t u r e  

i s  much more d i f f u s e .  

shows a s h i f t  towards t h e  r ed  as compared t o  propylene.  

a l s o  observed by Carr and StGcklen'') as the  number of a l k y l  groups 

around t h e  double bond i n c r e a s e d .  

The maximum of t h e  main a b s o r p t i o n  band a t  1760 A 

This s h i f t  w a s  

An f v a l u e  of 0.36 was ob ta ined  assuming t h e  band followed 

t h e  d o t t e d  cu rve  i n  Figure 3 .  This va lue  compares f a v o r a b l y  w i t h  t h a t  

of 0.39 ob ta ined  by Gary and P i c k e t t .  (2 1 

2 .  Region 1050 - 1500 A 

I n  F igu re  4 ,  curve  I, some a b s o r p t i o n  bands c a n  be seen 

between 1300 and 1550 A; however, they are f a r  t o o  d i f f u s e  and unre-  

so lved  t o  observe any Rydberg series.  The a b s o r p t i o n  spectrum i s  o t h e r -  

13 



* 

wise continuous down to the limit of observation at 1050 A. 

Curve I1 in Figure 4 represents the photoionization absorp- 

tion coefficient of butene-1. Ionization begins at about 1297 A, rises 

sharply, and has a point of inflection at 1294 A or 9.58 ev representing 

the first ionization potential of the molecule. The region between 

1297 and 1294 A represents the Boltzmann energy distribution in the 

molecule at room temperature. 

in good agreement with previously published data using photoionization 

methods, ( 4 ) ( 5 )  and is in general slightly lower than values obtained 

by electron impact techniques, which vary from 9.76 to 10.00 ev. 

Franklin calculated the ionization potential of butene-1 using a semi- 

empirical relation and obtained a value of 9.7 ev. ('') 

the discussion on propylene, Walsh (I5) estimated a higher ionization 

potential in propylene at around 12 ev. Due to the lowering of the 

ionization potential by alkyl substitution one might expect a higher 

ionization potential in butene-1 at somewhat less than 12.0 ev. From 

curve 11, Figure 4 ,  an abrupt increase in the ionization cross section 

at 11.3 ev suggests a higher ionization potential and may be due to 

the removal of the Q CC electron as suggested by Walsh. 

The ionization potential at 9.58 ev is 

( 1 2 )  

As mentioned in 

Geophysics Corporation of America 
Bedford, Massachusetts 
April 1962 
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